grammes for oocyte insemination and cultivation of embryos This study was designed to provide further information on until transfer on day 2 or 3; they may not, however, be mouse and human embryo development in α-modified adequate for prolonged culture. Blastulation rates for embryos minimum essential medium (αMEM). First, we compared remaining in culture in these media have ranged from 13 to the development and implantation potential of murine in-42% (reviewed by Lopata, 1992) . Blastocyst quality, however, vitro fertilized (IVF) embryos cultured in αMEM, in the has been questioned (Hardy et al., 1989; Winston et al., 1991 ; presence and absence of co-culture cells. No significant Lopata, 1992; Dokras et al., 1993). difference was observed in blastocyst rate between αMEM
control or co-culture treatment. The number of live births was a pilot study using this basal medium for the extended culture recorded. of human embryos. We present here the results of our initial Data were analysed by the χ 2 test with the Yates' correction to animal trials and preliminary data from human studies. The determine statistical significance between treatment groups. quality of blastocysts was assessed in the presence and absence of co-culture. A unique aspect of the present work is the Human clinical studies use of a commercial globulin-enriched protein supplement
Ovarian stimulation for all patients consisted of down-regulation with (Synthetic Serum Substitute, SSS) during extended culture of leuprolide acetate (Lupron; TAP Pharmaceuticals, Chicago, IL, USA) human embryos. Little has been published on the morphology followed by stimulation with human menopausal gonadotrophin and implantation potential of human blastocysts arising from (Pergonal) or follicle stimulating hormone (FSH; Serono Laboratories, culture medium supplemented with Synthetic Serum Substitute.
Randolph, MI, USA). HCG (Profasi; Serono Laboratories) was These data should ultimately help us to determine if culture administered when two or more follicles reached 18 mm mean systems utilizing a complex medium with an appropriate diameter. Follicles were aspirated 36 h later using transvaginal protein supplement can replace co-culture systems in promoting ultrasound, and oocyte-cumulus complexes were isolated.
in-vitro development of human embryos.
HTF (Irvine Scientific, Irvine, CA, USA) supplemented with Synthetic Serum Substitute (Irvine Scientific) was used for oocyte/ embryo culture and sperm preparation. For insemination and sperm
Materials and methods
preparation, HTF was supplemented with 10% Synthetic Serum This study was conducted in two parts. Firstly, the development of Substitute. Conventional IVF or micro-assisted fertilization (intracytoin-vitro fertilized murine embryos cultured in αMEM was compared plasmic sperm injection, ICSI) was carried out using motile spermatoin the presence and absence of co-culture. Embryo development, zoa prepared by Percoll density gradient centrifugation. Oocyte culture blastocyst formation and hatching rates were assessed. The viability was performed in microdroplets (75-100 µl) under oil at 37°C in a of these blastocysts was further tested by transfer to pseudopregnant humidified atmosphere with 5% CO 2 . After fertilization, a maximum foster mothers, birth of live offspring being the outcome measure. In of 8-10 pronuclear embryos were moved to growth medium microthe second half of this investigation, αMEM was introduced into our drops containing HTF with 15% Synthetic Serum Substitute and clinical IVF programme for the extended culture of human embryos monitored daily. Any remaining zygotes were cryopreserved for future beyond day 3.
transfer. Embryo transfer was performed on day 3 (72 h postinsemination). Embryo selection was based on cleavage stage and Mouse in-vitro fertilization studies degree of fragmentation. Two to five embryos were transferred to the Mouse IVF experiments were carried out in αMEM (Gibco, Grand patient, depending on the number and quality of embryos available Island, NY, USA) supplemented with a plasma protein preparation and the age of the patient. (5%; Cutter Biological, Elkhart, IN, USA). Female CB6F1 mice, 6-Co-culture on Vero cell monolayers was routinely offered to 8 weeks old (Charles River, Wilmington, MA, USA), were injected patients with repeated prior failures to implant, previous cycles with with 7.5 IU (i.p.) of pregnant mare's serum gonadotrophin (Sigma, poor embryo quality or aged ജ39 years. The co-culture protocol St. Louis, MO, USA). A second injection, 10 IU of HCG (Sigma), described by Ménézo et al. (1992a) was followed, except that transfer was given 48 h later. Animals were killed 16-18 h post-HCG injection was performed on day 3. Vero cells initially purchased from the by cervical dislocation and their oviducts were excised. Cumuli American Type Culture Collection (Rockville, MD, USA) were containing unfertilized oocytes were isolated and placed in organ routinely cultivated in Falcon tissue culture flasks and passaged in culture dishes (60 mm) containing pre-equilibrated medium. Dishes our laboratory. Monolayers for co-culture patients were prepared once were incubated at 37°C in a humidified incubator with 5% CO 2 .
weekly by trypsinization of cultures. Vero cells were seeded (50 000 Spermatozoa isolated from the epididymis of a male CB6F1 mouse cells/well) into Nunc 4-well dishes containing 1.0 ml of B2 medium (8-10 weeks) were used for oocyte insemination.
(Fertility Technologies, Natick, MA, USA). Pronuclear zygotes were The following morning, 2-cell embryos were pooled and randomly placed on semi-confluent monolayers and cultured in B2 medium. distributed between conventional culture and co-culture dishes. Two Following embryo transfer, 'spare embryos' from all patients types of co-culture cells were utilized in this investigation, human undergoing IVF (including co-culture patients) were placed in αMEM endometrial cells and Vero monkey kidney epithelial cells. Details of medium containing 10% Synthetic Serum Substitute. Extended culture the co-culture protocol have been described previously (Desai et al., was carried out either in microdrops under oil or in wells without oil 1994). Organ culture dishes were seeded with co-culture cells 2 days for co-culture patients. During the interval between August 1995 and before mouse oocyte retrieval. All monolayers were semi-confluent February 1996, 57 patients had extended culture of non-transferred before co-culture was initiated. Monolayers were rinsed and incubated embryos, 53 with conventional culture and four in combination with 1.0 ml of pre-equilibrated medium before addition of embryos.
with co-culture. Developmental stage and embryo morphology were Cultures were incubated for an additional 72 h at 37°C with 5% CO 2 . monitored on a daily basis using high resolution optics. Blastocyst The percentage of 2-cell embryos undergoing blastocyst transformamaturity was scored using the following criteria (Cohen et al., 1986) volume; stage C, expanding, cavity greater than 1 2 embryo volume; Blastocysts from treatment dishes were then transferred to stage D, fully expanded blastocyst. The presence of an inner cell pseudopregnant foster mothers to establish viability. Recipient CD-1 mass and its organization were also monitored. Scoring was performed females (8-10 weeks of age) were monitored and the stage of the from day 5 through 7, until cryopreservation or termination of culture. oestrous cycle determined by vaginal appearance (Champlin et al., Blastocysts were selected for cryopreservation based on morphology 1973). Those in oestrus were mated with vasectomized CD-1 males.
and frozen using a glycerol:sucrose method (Ménézo et al., 1992b) . Approximately 5-7 blastocysts were transferred to each uterine horn Blastocyst formation and cryopreservation results are expressed as of a 3.5-day pseudopregnant recipient using a finely drawn glass micropipette. Each recipient mouse received embryos from either the number of blastocysts formed per total 'spare embryos' cultured. (66) 60 (29) a Not significantly different from control. a Significantly different from control and VR treatment group, P Ͻ 0.01. b Significantly different from VR, P Ͻ 0.01.
αMEM ϭ α-modified minimum essential medium; EM ϭ endometrial cell monolayer. c Data from five trials where Vero cell co-culture was also evaluated.
The percentage of blastocysts at different stages of maturity was calculated in a similar manner.
Results

Mouse studies
Mouse embryo development after IVF was supported by all three culture systems tested. Fertilization rates in αMEM ranged from 70 to 95% in the 13 murine experiments described in this study. The developmental potential of a total of 1416 murine IVF embryos was assessed. At 96 h post-insemination, rates of blastocyst formation were not significantly different between embryos cultured in αMEM alone versus αMEM with endometrial cell co-culture (76.2 versus 79.9% respectively; Table I ). Blastocyst hatching was, however, higher in the group of embryos subjected to co-culture on endometrial cells (47.5%) compared to medium alone (40.1%, P Ͻ 0.05). In contrast, Vero cell co-culture in combination with αMEM (66%) and hatching rates (29%) were found to be lower (P Ͻ 0.01) than in the αMEM-alone treatment group.
Human clinical trials Murine embryos responded less favourably to co-culture on Vero cells as compared to endometrial cell monolayers. Vero Following careful evaluation of the murine IVF experiments and the birth of live young, along with a survey of the available cell co-cultured embryos seemed healthy but appeared to be developing at a slower rate. An increase in overall blastocyst literature on αMEM, we introduced this medium into our clinical IVF programme for the extended culture of all spare formation and hatching rates was generally noted after an additional 24 h of co-culture (120 h post-insemination). Both embryos not transferred. A total of 206 embryos from 53 patients underwent extended culture in αMEM in microdrops Vero and endometrial cells proliferated and remained attached to the well surface throughout the culture interval, suggesting under oil. Figure 1 illustrates the progression of these embryos through different developmental stages. Almost 75% of the that the control medium, αMEM, was indeed able to support both somatic cell types.
'spare' embryos cultured in αMEM progressed to the morula stage. Development from morula to blastocyst, however, The viability of blastocysts derived from αMEM alone or in combination with endometrial cell co-culture was established appeared to be a critical transition point. Only 62% of the morulae were able to overcome this hurdle and go on to form by transfer to pseudopregnant foster mothers and recording the subsequent birth of live young. Although the embryo blastocysts. The timing of in-vitro blastulation is presented in Figure 2 . Blastocyst formation occurred predominantly on hatching rate was statistically different between these two treatments, no significant impact on live birth rates could be days 5 and 6. The overall rate of blastocyst formation in αMEM was detected in this transfer series (Table II) . The live birth rate with αMEM alone was 14.9, compared with 19.8% with 45.1% (Table III) . Of the 93 blastocysts formed, 62% were expanding blastocysts (stages C and D). A discernible inner endometrial cell co-culture. In pregnant mice, 37 and 34.6% respectively of the transferred embryos implanted and resulted cell mass was observed in 76 blastocysts (81.2%). Sixteen patients had no embryos develop to the blastocyst stage. Of in live births. The αMEM/Vero cell system also produced viable blastocysts (2/7 transfers produced live offspring), but the remaining patients, 31 had embryos frozen at the blastocyst stage. In six patients the quality of the blastocysts formed was an extensive comparison with the other two treatments was not made.
poor and these embryos were not frozen. ICSI procedures much different to that in medium alone (Table III) . In this b Appearance of inner cell mass: -, not seen; ϩ, disorganized/sparse; ϩϩ, well defined.
initial trial, the transfer of cryopreserved co-cultured blastocysts resulted in one clinical pregnancy. Unfortunately, the sample group was quite small (n ϭ 4 patients; 25 spare embryos). We by Ménézo et al. (1992a) to 33.6% (Olivennes et al., 1994) . In 516 transfers of cryopreserved blastocysts, a clinical pregaccounted for a very small percentage of the total 'spare' embryos cultured (seven patients, 30 embryos). The rate of nancy rate of 21.7% was achieved (Kaufman et al., 1995) . Growth factor and cytokine secretion by co-culture cells may blastocyst formation was 16.7% (5/30). Only three ICSI patients had blastocysts frozen.
play a role in their ability to promote in-vitro development of viable blastocysts. Leukaemia inhibitory factor (LIF) has been The morphology of blastocysts selected for cryopreservation is described in Table IV . Approximately 73% of these blastodemonstrated in Vero cell culture supernatants (PapaxanthosRoche et al., 1994) . In a recent study, we reported active cysts were at stages C and D of developmental maturity. The inner cell mass was well defined in 36 blastocysts, sparse/ secretion of not only LIF, but also platelet-derived-growth factor and interleukin-6 by Vero cell monolayers (Desai and disorganized in 33 embryos and not clearly evident in six cases. To date, seven embryo transfers have been performed Goldfarb, 1996a) . Transforming growth factor (TGFα), epi-dermal growth factor (EGF) and insulin-like growth factor own, still rely on the mouse assay for quality control of culture media. have been identified in human Fallopian tubes (Pfeifer and Chegini, 1994; Smotrich et al., 1996) .
Several important conclusions can be drawn from the murine IVF experiments. Firstly, αMEM clearly supported both the The routine culture of all patient embryos on co-culture monolayers, however, would be a fairly labour-intensive underco-culture cells and the developing embryo. Secondly, with the selection of an appropriate basal medium, co-culture did taking. Moreover, the use and necessity of co-culture in the clinical IVF setting is an area of continuing controversy. not lead to any further increase in blastulation rate. The endometrial cell co-culture system, however, did exert a Sakkas et al. (1994) compared IVF outcomes in a randomized prospective study and concluded that co-culture provided no positive influence on in-vitro hatching rates (47.5 versus 40%). This outcome was very similar to that recently reported by benefit to patients undergoing their initial IVF treatment. Pregnancy rates after day 3 transfer were not different between Piekos et al. (1995) . These investigators compared not only blastocyst formation/hatching rates but also blastomere cell control and co-culture treatment groups. Detailed structural analysis of human embryos co-cultured on oviductal cells number in mouse embryos cultured in HTF/synthetic serum substitute alone or on tubal epithelial cell monolayers. No (Sathananthan et al., 1990) and on Vero cells (Van Berklom, 1993) failed to identify gross morphological differences difference in blastocyst rates were detected, but embryo hatching was distinctly higher with co-culture (53 versus 29% between control and co-cultured embryos.
One alternative to co-culture which has not been well in medium alone). Differential nuclear staining revealed a higher number of cells in both the inner cell mass and the explored is stepwise introduction of embryos to more complex media during the culture interval. Several studies indicate that trophectoderm in co-cultured versus non-co-cultured hatched blastocysts. Interestingly, the unhatched blastocysts from these complex media such as αMEM (Lopata and Hay, 1989; Noda, 1992) , Ham's F-12 (Muggleton-Harris et al., 1990 ), Ham's Ftwo treatment groups did not differ significantly in overall cell number. Wiemer et al. (1989) , in contrasting morphological 10 and Medicult M3, a serum-free modification (MuggletonHarris et al., 1995) , enhance blastocyst formation by human characteristics of co-cultured versus conventionally cultured embryos, noted greater variations in zona pellucida thickness embryos. These media, with their complement of amino acids and vitamins, appear to better support morulation, cavitation within individual embryos. Such variation may serve to facilitate the process of hatching in contrast to thick and/or uniform and in-vitro blastulation as compared to the balanced salt formulations typically used on days 0-3 of embryo culture.
zonae . Assessment of blastocyst quality remains a dilemma for Follow-up studies encompassing larger numbers of diploid embryos, in-depth analysis of morphology and, ultimately, investigators considering any new media for introduction into a clinical IVF programme. Although insights into blastocyst blastocyst-stage transfer will be necessary to validate blastocyst quality. quality can be inferred by analysis of blastomere number and distribution, hatching ability, adhesion and invasiveness, we We have yet to determine if complex media can adequately substitute for co-culture in producing viable human blastocysts.
felt that blastocyst transfer and production of viable offspring in our mouse model would be more definitive and reassuring. A frequent criticism of the study design of comparisons between co-culture and conventional culture has been the Transfer outcomes based on live births per total embryos replaced into foster mice were somewhat low. Yet, in pregnant selection of the basal medium. Often, the medium selected for the study has been geared towards the co-culture cells and has animals, approximately one in three embryos transferred gave rise to a viable fetus, both in the control and the endometrial not been highly supportive of embryonic development. Any enhancement therefore seen with co-culture likely reflects co-culture treatment groups. From these transfer data, we concluded that embryos cultured in αMEM were capable of alteration of the culture medium by the somatic cells to create an environment more amenable to embryo development giving rise to viable offspring and that the concurrent use of a co-culture system offered no added benefit in this animal (Ouhibi et al., 1990; Leppens and Sakkas, 1995) . Analysis of co-culture in combination with culture media which promote model. It was interesting that, despite significant differences in blastocyst hatching rates, transfer of both control (αMEM high rates of human blastocyst formation will hopefully give us new insight into the nature of co-culture action.
alone) and endometrial cell monolayer-co-cultured embryos resulted in similar pregnancy and implantation rates. The The mouse and human studies portrayed in this investigation were designed to study in a systematic fashion blastocyst ability to hatch in vitro may have no strong relationship with the ability to implant in vivo (Woodward et al., 1994) . If the formation and quality in a complex medium, both in the presence and absence of co-culture. The test system that we embryo is of good quality, uterine secretions may provide the necessary factors for subsequent hatching and implantation. used to pilot this study, namely the murine IVF model, was selected so as to accentuate differences between treatments.
In our clinical trial we found the combination of αMEM and the commercial protein preparation of Synthetic Serum Cell stage and site of fertilization (in vivo versus in vitro) have been demonstrated to influence the sensitivity of the mouse Substitute to be highly supportive of human blastocyst development. The importance of the type of protein supplement in any bioassay (Davidson et al., 1988; Desai et al., 1994; Leppens et al., 1996) . Oocytes fertilized in vitro tend to be more clinical test of IVF culture media cannot be overemphasized. Dunglison et al. (1996) , using αMEM with both bovine and sensitive to environmental stress such as culture variables. Although the mouse has limitations as a model for human human serum albumin, had Ͻ5% blastocyst formation with human bipronucleate embryos. Our own prior clinical experiembryo development, most in-vitro laboratories, including our ence with Synthetic Serum Substitute in combination with Dokras et al., 1993; Van Berklom, 1993) . Winston et al. (1991) noted that, although 39% of cultured embryos in their study human tubal fluid indicated that this protein supplement was suitable for the extended culture of human embryos:~30% of cavitated, two-thirds of these embryos would be classified as abnormal, having insufficient total cell numbers (Ͻ30) to be 'spare' embryos formed blastocysts (Desai et al., 1996b) .
In our αMEM/SSS culture system, the number of embryos consistent with normal development. Proliferation of cells in the trophectoderm and the inner cell progressing to the morula stage (75%) was higher than that with serum-supplemented balanced salt solutions such as T6 mass may be influenced by a multitude of factors, such as energy substrates (Conaghan et al., 1993) and amino acids (Dokras et al., 1993) and HTF (Woodward et al., 1994) , where only 50-55% of spare embryos reached the morula stage. The (Gardner and Lane, 1993) in the culture media, specific growth factors like LIF (Stewart et al., 1992) , and TGFβ 1 (Lim et al., transition from morula to blastocyst appears to be a major developmental hurdle in our culture system. Growth factor 1993), protein supplementation and other as yet unidentified variables. Consideration also needs to be given to paternal supplementation of culture medium at this stage may be worth considering. Dunglison et al. (1996) were able to augment contribution to embryogenesis, especially with the increasing treatment of severe male factor disorders with ICSI. Janny and human blastocyst development in a serum-free medium by addition of LIF to the embryo cultures. In the mouse cavitation Ménézo (1994) noted a strong relationship between sperm quality during conventional insemination and the potential for and blastocoel formation can be enhanced by exogenous administration of EGF and TGFα (Dardik and Schultz, 1991) . blastocyst formation. The recent work of Simerly et al. (1995) provides evidence for paternal inheritance of the centrosome, Comparable studies have not been performed with human embryos. An interesting study by Chia et al. (1995) suggests a key element in regulating cell growth and division. Possible links between male infertility, mitochondrial dysfunction and a decline in EGF, TGFα and EGF receptor expression in human embryos after extended culture to the expanded or ageing have also been suggested (reviewed by Cummins et al., 1994) . In ICSI, where extremely aberrant spermatozoa can be hatched blastocyst stage in simple media. They have postulated that this may reflect a depletion in the endogenous pool of used to achieve fertilization, the study of resultant blastocyst formation and the ability to give rise to normal gestations is growth factors and the need for external stimulation for continued synthesis of necessary factors. This could in part critical and should enhance our understanding of paternal genetic influence on early development. Our own experience explain the inadequacy of simple culture media and the benefits of co-culture with somatic cells.
with ICSI embryos and their potential for development to the blastocyst stage is too limited to draw any meaningful Morphologically, the blastocysts arising from αMEM culture appeared to be of good quality with a discernible inner cell conclusions, although we did note a lower rate of blastocyst formation. A larger data set and classification of patients mass. The timing of in-vitro blastocyst formation, another indicator of embryo quality (Wiemer et al., 1995) , further according to age and oocyte quality will be necessary to decipher accurately sperm contribution to blastocyst quality. attests to the developmental potential of these embryos. Despite these initial encouraging results, we did not feel justified in
The experimental design of this clinical study allowed patients to have embryos frozen at both early and late stages. altering patient treatment to blastocyst-stage transfers until we had first established clinical pregnancies with our αMEM Human blastocysts developing in a timely fashion were cryopreserved if there was any evidence of an inner cell mass (ϩ cryopreserved blastocysts. Blastocyst-stage transfers with nonco-cultured embryos have not been widely performed, nor and ϩϩ, see Table III ). We are aware that there are data to suggest that blastocysts with a sparse and/or disorganized inner have they been strikingly successful. Bolton et al. (1991) obtained a 10% live birth rate with day 5 transfer versus 16% cell mass may be less than ideal candidates for freezing (Wiemer et al., 1995) . Our more liberal freezing criteria were with conventional day 2 transfer. A series of 134 transfers with cryopreserved human blastocysts by Hartshorne et al.
psychologically more acceptable to patients and embryology staff, who felt uncomfortable disposing of any blastocysts with (1991) resulted in 13 births (9.7%). To date, only two studies have reported improvements in pregnancy outcome with transan inner cell mass and therein some developmental potential. We fully expect that our criteria for cryopreservation will fer of blastocysts (35%) versus cleavage-stage embryos (15%) (Fehilly et al., 1985; Cohen et al., 1986) . Both of these studies become more stringent as our experience with blastocyst-stage transfer increases. Since more than half of the blastocysts involved replacement of cryopreserved embryos.
Blastocyst formation and gross morphology by light micryopreserved had very well defined inner cell masses, we remain optimistic that continued transfer of frozen blastocysts croscopy may therefore not be entirely reliable indicators of blastocyst viability and developmental potential. Successful will result in positive outcomes. Based solely on morphological assessment, our co-culture/ implantation of blastocysts and normal gestation may require a critical cell number and appropriate distribution of cells to αMEM series did not appear to confer any advantage over αMEM/SSS culture alone in the small group of patients both the inner cell mass and the trophectoderm (Winston et al., 1991) . Although blastomere number in normal human studied. Until non-invasive techniques for prediction of blastocyst quality become routinely available, implantation rates blastocysts on day 5 should be in excess of 60 cells (Hardy et al., 1989) , it is clear from several quantitative studies remain the best measure of embryo quality and the effectiveness of a particular treatment. A prospective randomized study of that total cell number in cultured human blastocysts can be extremely variable, even amongst blastocysts of the same development and implantation rates of human embryos in αMEM in the presence and absence of co-culture would chronological age (Hardy et al., 1989; Winston et al., 1991;  
